IL-25, a member of the IL-17 family of cytokines, is known to enhance type 2 immune responses, but suppress type 3 (IL-17A)-mediated immune responses. Mice deficient in IL-1 receptor antagonist (Il1rn −/− mice) have excessive IL-1 signaling, resulting in spontaneous development of IL-1-, TNF-and IL-17A-dependent aortitis. We found that expression of II25 mRNA was increased in the aortae of Il1rn −/− mice, suggesting that IL-25 may suppress development of IL-1-, TNF-and IL-17A-dependent aortitis in Il1rn −/− mice by inhibiting type 3-mediated immune responses. However, we unexpectedly found that Il25 −/− Il1rn −/− mice showed attenuated development of aortitis, accompanied by reduced accumulation of inflammatory cells such as dendritic cells, macrophages and neutrophils and reduced mRNA expression of Il17a and Tnfa-but not Il4 or Il13-in local lesions compared with Il1rn −/− mice. Tissue-, but not immune cell-, derived IL-25 was crucial for development of aortitis. IL-25 enhanced IL-1β and TNF production by IL-25 receptor-expressing dendritic cells and macrophages, respectively, at inflammatory sites of aortae of Il1rn −/− mice, contributing to exacerbation of development of IL-1-, TNF-and IL-17A-dependent aortitis in those mice. Our findings suggest that neutralization of IL-25 may be a potential therapeutic target for aortitis.
Giant cell arteritis (GCA) and Takayasu arteritis (TAK) are the most common large-vessel vasculitides (LVV). They are infrequent, but potentially fatal, diseases. The pathologic hallmarks of LVV are focal granulomatous vasculitides, characterized by lymphomonocytic infiltration and occasional multinucleate giant cells 1 . Those lesions lead to intimal hyperplasia that predisposes to luminal obstruction, arterial wall remodeling with disruption of the elastic laminae, excessive deposition of extracellular matrix, and fibrosis 2 . Consequently, vasculitis involving the aorta, subclavian-axillary bed, carotid branches and arteries of all sizes can lead to vision loss, aortic arch syndrome, aortic dissection, and aortic aneurysms and rupture 3 . Although glucocorticoids are very effective for treatment of both GCA and TAK, relapse is common following reduction of the dose 4, 5 . In such cases, methotrexate, an immunosuppressive drug, is used for sparing of glucocorticoids while preventing relapse [6] [7] [8] . Newer biologics, such as neutralizing antibodies for TNF-α, IL-6, and/or IL-12/IL-23p40, have also been developed for GCA and TAK 9 . Anti-TNF-α agents are effective for treatment of TAK, but not GCA [10] [11] [12] [13] [14] . Increased expression of IL-1β was observed in specimens from patients with LVV such as TAK 15 and GCA, 16, 17 suggesting that this cytokine is responsible for the development of such diseases. In support of that notion, associations were reported between polymorphisms of IL-1B and IL-1RN genes and susceptibility to TAK 18 and GCA 19 in certain populations. In addition, mice deficient in IL-1 receptor antagonist (Il1rn −/− mice) had excessive IL-1 signaling, resulting in spontaneous development of aortitis accompanied by infiltration of predominantly lymphocytes, which contributed to destruction of the elastic laminae with fibrosis, resembling LVV such as TAK and GCA 20, 21 . The spontaneous development of aortitis in those Il1rn −/− mice was dependent on T cells, whereas it was suppressed by deficiency of TNF-α or IL-17A, but not IL-6 22, 23 . Based on those findings in Il1rn −/− mice, a therapeutic trial of Anakinra (recombinant human IL-1RN) in GCA patients found that its blockade of IL-1 activity was effective for treatment of the disease 24 .
Using that same Il1rn −/− mouse model, we found that the expression level of IL-25 (also called IL-17E), which is a member of the IL-17 family of cytokines, was increased in the aorta. IL-25 binds to IL-25 receptor (IL-25R), which consists of IL-17RA and IL-17RB. IL-25 is preferentially produced by epithelial cells and such immune cells as macrophages, mast cells, basophils, eosinophils and T cells 25, 26 . IL-25 induces production of type 2 cytokines by various types of cells, including Th2 cells, Th9 cells, invariant NKT cells and group 2 innate lymphoid cells 27, 28 . Those cytokines are involved in such type 2 immune responses as protection from nematode infection and development of allergic disorders [26] [27] [28] [29] . In addition, IL-25 plays dual roles in type 3 immune responses: it can suppress IL-17Amediated autoimmune diseases 25, 30, 31 , but it enhances IL-17A-mediated dermatitis 32, 33 . However, the role of IL-25 in IL-1-, TNF-and IL-17A-mediated aortitis in Il1rn −/− mice has been unclear. Here, we demonstrate that IL-25 plays a facilitative role in the development of IL-1-, TNF-and IL-17A-mediated aortitis in Il1rn −/− mice.
Results

Identification of IL-1β-and IL-1Ra-producing cells in lesions of aortitis.
As reported previously 20, 22, 23 , Il1rn −/− mice, but not wild-type mice or Il25 −/− mice (data not shown), developed aortitis accompanied by infiltration of immune cells into the adventitia, destruction of the elastic laminae, adventitial thickening with replacement by fibrous tissue, and neointimal thickening ( Fig. 1a,b ). CD3 + T cells, CD11c + DCs, Gr1 + neutrophils, Mac2 + macrophages and tryptase + mast cells had infiltrated the lesions of aortitis in Il1rn −/− mice ( Fig. 1c ). In particular, CD8 + T cells and GL3 + γδT cells, but not CD4 + T cells, are seen ( Fig. 1c ). However, it remains unclear which types of cells produce IL-1Ra and IL-1β in the lesions of aortitis in Il1rn −/− mice. For detection of IL-1Ra, we newly generated IL-1Ra-reporter mice (Il1rn gfp/gfp mice; Fig. 2a ), which express EGFP under the promoter of Il1rn genes instead of IL-1Ra ( Fig. 2b ) and also develop aortitis spontaneously. We found that CD11c + dendritic cells (DCs), Gr1 + neutrophils, and GL3 + γδT cells-but not CD4 + T cells, CD8 + T cells or Mac2 + macrophages-were IL-1Ra-producing EGFP + cells in the lesions of aortitis ( Fig. 3a , and data not shown). On the other hand, CD11c + dendritic cells (DCs), Gr1 + neutrophils and Mac2 + macrophages-but not CD4 + T cells, CD8 + T cells or GL3 + γδT cells-were IL-1β-producing cells ( Fig. 3b , and data not shown). Neither of those cytokines was produced by non-immune cells such as endothelial cells, epithelial cells, vascular smooth muscle cells or fibroblasts (data not shown).
Exacerbation of aortitis by IL-25.
The development of aortitis in Il1rn −/− mice is dependent mainly on IL-1 and TNF, and at least in part on IL-17A 22, 23 . IL-25 can suppress or enhance certain IL-17A-mediated diseases 25, 30, 32, 33 . We found that expression of Il25 mRNA was significantly increased in the aortae of Il1rn −/− mice compared with wild-type mice and Il25 −/− Il1rn −/− mice (as a negative control) ( Fig. 4a ), suggesting involvement of IL-25 in the development of aortitis. Indeed, the incidence of aortitis in Il25 −/− Il1rn −/− mice was significantly lower than in Il1rn −/− mice (Fig. 4b ). In association with this, the aortitis severity score and the aortic inflamed area were significantly smaller in Il25 −/− Il1rn −/− mice compared with Il1rn −/− mice ( Fig. 4c,d ). In addition, the numbers of infiltrating inflammatory cells such as CD3 + T cells, CD11c + DCs, Gr1 + neutrophils and Mac2 + macrophages-but not tryptase + mast cells-in the aortae were also significantly less in Il25 −/− Il1rn −/− mice compared with Il1rn −/− mice ( Fig. 4e ). These results indicate that IL-25 can exacerbate the development of aortitis.
IL-25 enhances type 3-related cytokines, but not type 2 cytokines, in aortitis. In the aortae of
Il1rn −/− mice, the expression level of Ifng mRNA was comparable-but the levels of Il4 and Il13 mRNA were lowercompared with in wild-type mice ( Fig. 5 ). Regarding type 3 and type 3-related cytokines such as IL-17A, IL-6, IL-23p19 and TNF, the expression levels of Il17a and Tnfa mRNA were significantly higher, while those of Il6 and Il23p19 mRNA were comparable, in the aortae of Il1rn −/− mice compared with wild-type mice ( Fig. 4a ). Although IL-25 is known to induce production of type 2 cytokines by various types of cells 27, 28 , the expression levels of Il4 and Il13 mRNA were comparable in the aortae of Il25 −/− Il1rn −/− mice and Il1rn −/− mice ( Fig. 5 ), suggesting that IL-25 is not crucial for induction of such type 2 cytokines in the lesions of aortitis. In addition, the expression levels of Ifng, Il6 and Il23p19 mRNA were comparable in the aortae of Il1rn −/− mice and Il25 −/− Il1rn −/− mice ( Fig. 5 ). On the other hand, the expression levels of Il6, Il17a and Tnfa mRNA were significantly reduced in Il25 −/− Il1rn −/− mice compared with Il1rn −/− mice ( Fig. 5 ). IL-25 was reported to inhibit IL-13-dependent Th17 cell differentiation, thereby contributing to suppression of Th17-mediated autoimmune diseases 25, 30 . On the other hand, our results suggest that IL-25 may enhance production of IL-6, IL-17A and TNF, but not IL-23, thereby contributing to development of IL-1-, TNF-and IL-17A-dependent aortitis in Il1rn −/− mice.
Identification of IL-25R-expressing cells in lesions of aortitis. mRNA expression of IL-17RB, which
is a component of IL-25R, was increased in the aortae of Il1rn −/− mice compared with wild-type mice ( Fig. 5 ). In addition, IL-17RB was expressed on some, but not all, CD11c + DCs, Mac2 + macrophages, B220 + B cells and GL3 + γδT cells in the aortae of Il1rn −/− mice ( Fig. 6 ), while it was not detected on CD3 + T cells or Gr1 + neutrophils ( Fig. 6 ). Among macrophages, IL-17RB was not expressed on CD206 + M2 macrophages or CD86 + M1 macrophages in the aortae of Il1rn −/− mice ( Fig. 6 ).
Importance of non-immune cell-derived IL-25 for development of aortitis. Although Il25 mRNA
expression was significantly increased in the aortae of Il1rn −/− mice ( Fig. 3a) , IL-25 proteins were below the limit of detection by immunohistochemical analysis of those aortic specimens (data not shown). To identify the cells producing IL-25 in the aortae of Il1rn −/− mice, we performed bone marrow (BM) cell transfer analysis. Il1rn −/− mice transferred with Il25 −/− Il1rn −/− BM cells developed aortitis similarly to Il1rn −/− mice transferred with Il1rn −/− BM cells ( Fig. 7a ), indicating that IL-25 produced by BM cell-derived immune cells was not essential for development of aortitis in Il1rn −/− mice. On the other hand, like Il25 −/− Il1rn −/− mice transferred with Fig. 7a ), indicating that IL-25 produced by non-immune cells is crucial for the setting.
IL-25 enhances production of IL-1β by dendritic cells and TNF by macrophages.
We next investigated the roles of IL-25 in production of IL-1β by DCs, which were shown to produce IL-1β and to express IL-17RB in the aortae of Il1rn −/− mice (Figs. 3b and 6), and in production of TNF by M2 macrophages, which express IL-17RB and produce TNF in response to IL-25 in humans 34 . Therefore, we isolated single cells from the aortae of Il1rn −/− mice and cultured them in the presence and absence of IL-25. Immunohistochemical analysis showed increased expression of IL-1β in CD11c + DCs and of TNF in Mac2 + macrophages derived from the aortae of Il1rn −/− mice after IL-25 stimulation ( Fig. 7b-e ). These observations suggest that non-immune cell-derived IL-25 is crucial for production of IL-1β by IL-17RB + CD11c + DCs and production of TNF by IL-17RB + Mac2 + macrophages, and that it contributes to development of aortitis in Il1rn −/− mice.
Discussion
Il1rn −/− mice spontaneously develop aortitis resembling such LVV as TAK and GCA; that is, infiltration of inflammatory cells into all aortic layers, necrosis of vascular smooth muscle cells, disruption of elastic fibers, and vascular remodeling, including stenosis of the vascular lumen and aortic dilatation 1 (Fig. 1a ). It was reported that the development of aortitis was diminished in www.nature.com/scientificreports www.nature.com/scientificreports/ in Il6 −/− Il1rn −/− mice 21, 22 , indicating that IL-1α and/or IL-1β, and TNF are crucial for development of aortitis in Il1rn −/− mice. T cells and IL-17A are also known to be important for development of aortitis in Il1rn −/− mice 22, 23 .
Since IL-1 and/or TNF can activate Th17 cells 35 , it is thought that IL-1-and/or TNF-induced T cell-derived IL-17 may be involved in development of aortitis in Il1rn −/− mice. In the present study, we demonstrated that IL-25 is crucial for development of IL-1-, TNF-and IL-17-mediated aortitis in Il1rn −/− mice.
We found that expression of Il25 mRNA was significantly increased in the aortae of Il1rn −/− mice compared with wild-type mice (Fig. 4a ). It has been reported that the source of IL-25 is resident microglia and/or brain capillary endothelial cells in EAE and/or MS 30, 36 . In addition, IL-25 was expressed in lung and/or nasal epithelial cells of mice and/or humans [37] [38] [39] , in B cells, smooth muscle cells and endothelial cells in atherosclerotic arteries of humans 40 , in keratinocytes of patients with atopic dermatitis 41 , and in subepithelial macrophage-like cells and epithelial cells in the human colon 42 . We previously reported that IL-25 is crucial for development of allergic contact dermatitis as well as asthma in mice 32, 38 . Although IL-25 proteins were detectable in the lung during asthma 38 , they were hardly detectable in the skin during allergic contact dermatitis 32 . Like in allergic contact dermatitis, IL-25 proteins were hardly detectable in aortae of Il1rn −/− mice (12 weeks) by immunofluorescence using anti-IL-25 Ab (data not shown). In addition to such non-immune cells as epithelial cells, endothelial cells, fibroblasts and tuft cells, immune cells such as mast cells, eosinophils and alveolar macrophages (M2) are known to be sources of IL-25 [43] [44] [45] . Although there was macrophage infiltration in the aortitis of Il1rn −/− mice (Fig. 1c) , CD206 + M2 macrophages were not observed among them (Fig. 6 ). Infiltrating granulocytes in the aortitis of Il1rn −/− mice were overwhelmingly neutrophils (Fig. 1c) , not eosinophils (data not shown). Mast cells were observed in the aortitis of Il1rn −/− mice, but their number was relatively small compared with macrophages and www.nature.com/scientificreports www.nature.com/scientificreports/ neutrophils ( Figs. 1c and 4e ). Regarding this, using bone marrow cell transfer analysis, we showed that IL-25 derived from non-hematopoietic cells rather than immune cells was crucial for development of IL-1-, TNF-and IL-17-mediated aortitis in Il1rn −/− mice. Since the levels of IL-25 proteins in bronchoalveolar lavages from mice with ILC2-dependent innate-type airway inflammation and the levels of Il25 mRNA in the skin of mice with imiquimod-induced psoriatic dermatitis peaked at one hour after antigen challenge 46, 47 , IL-25 production in the onset phase of aortitis in Il1rn −/− mice (i.e., 4 weeks) may be important for development of the disease. www.nature.com/scientificreports www.nature.com/scientificreports/ aortitis in Il1rn −/− mice 21 , we suspected that IL-25 may be involved in suppression of IL-1-, TNF-and IL-17mediated aortitis in Il1rn −/− mice by enhancing Th2 cell activation. However, Il25 −/− Il1rn −/− mice showed attenuated development of aortitis compared with Il1rn −/− mice (Fig. 4b) , indicating that IL-25 contributed to exacerbation-not suppression-of IL-1-, TNF-and IL-17-mediated aortitis in Il1rn −/− mice. Intraperitoneal IL-25 administration to mice resulted in induction of such type 2 cytokines as IL-4, IL-5 and/or IL-13 in the spleen, stomach, small intestine, kidney and liver 48 . On the other hand, IL-25 injection into the skin of mice resulted in induction of type 3-related cytokines such as IL-1β, IL-6, and TNF and neutrophil chemoattractant factors 32, 47 . In our model, IL-25 deficiency resulted in reduced expression of Il17a and Tnfa mRNA in the aortae of Il1rn −/− mice, suggesting that IL-25 somehow enhanced the development of IL-1-, TNF-and IL-17-mediated aortitis in Il1rn −/− mice.
Number of cells (cells/aorta)
As shown in Fig. 6 , we demonstrated that type 2 immune cells (CD3 + T cells, including Th2 cells, and CD206 + M2-macrophages) did not express IL-25 receptor (IL-17RB). Thus, it seemed that IL-25 cannot activate such immune cells to induce type 2 immune responses in the aortae of Il1rn −/− mice. On the other hand, in the local lesions of aortitis in Il1rn −/− mice, we identified CD11c + DCs, Mac2 + macrophages, γδ T cells and B cells as IL-25 receptor (IL-17RB)-expressing cells (Fig. 6 ). We cultured GM-CSF-induced and GM-CSF plus IL-4-induced BM cell-derived DCs (BMDCs) and TNF-and LPS-treated BMDCs in the presence of IL-25 in vitro. However, we found that IL-25 did not induce production of IL-1β or TNF by those cells (data not shown), because Il17rb mRNA was hardly detected by qPCR (data not shown). In addition, IL-17RB was expressed on M2-but not M0 or M1-macrophages derived from human PBMCs, and the M2 macrophages produced TNF, IL-6 and certain chemokines in response to IL-25 34 . We generated M2 and M0 macrophages from BM cells in the presence of rmM-CSF and rmIL-4, respectively, and then stimulated them in vitro with IL-25. However, we found that IL-25 did not induce TNF production by either of those macrophages because their expression of Il17rb mRNA was below the limit of detection by qPCR (data not shown). Consistent with this, IL-17RB was not expressed on CD206 + M2 macrophages or CD86 + M1 macrophages from the aortae of Il1rn −/− mice (Fig. 6 ). Thus, IL-17RB + Mac2 + macrophages seen in the aortae of Il1rn −/− mice were a distinct population from the CD206 + M2 and CD86 + M1 macrophages. Likewise, γδ T cells purified from the peritoneal cavity of naïve wild-type mice did not produce IL-17A in response to IL-25, since expression of Il17rb mRNA was below the limit of detection by qPCR (data not shown). Further study is needed to elucidate the contribution of IL-17RB + γδ T cells in local lesions to development of aortitis in Il1rn −/− mice. Since no CD3 + T cells, including Th2 cells, in the aortae expressed IL-25R, Th2 cells apparently do not produce IL-13 in the aortae of Il1rn −/− mice. On the other hand, IL-25R-expressing DCs and macrophages can produce IL-1β and TNF, respectively, in response to IL-25 ( Fig. 7) . DC-derived IL-1β and macrophage-derived TNF are thought to subsequently activate Th17 cells to induce IL-17, contributing to development of aortitis in Il1rn −/− mice. Therefore, the function of IL-25 is reflected by the types of IL-25R-expressing cells in the local site.
As shown in Fig. 4b , the development of aortitis was attenuated, but not completely abrogated, in Il25 −/− Il1rn −/− mice compared with Il1rn −/− mice. Recently, it was reported that IL-17B, which (like IL-25) is a ligand for IL-17RB, is crucial for development of bleomycin-induced pulmonary fibrosis in mice by promoting type 3 immune responses in mice 49 . Therefore, IL-17B may have a compensatory role in induction of type 3 immune responses in the aortitis of Il25 −/− Il1rn −/− mice.
In the present study, we identified the steps of a new function of IL-25: 1. Non-immune cell-derived IL-25 can induce production of IL-1β and TNF by IL-17RB-expressing DCs and macrophages. 2. DC-derived IL-1β and macrophage-derived TNF can activate Th17 cells to produce IL-17A. And 3. Th17 cell-derived IL-17A contributes to development of aortitis in Il1rn −/− mice. Our findings improve our understanding of the molecular mechanisms involved in development of aortitis and suggest that neutralization of IL-25 may be a potential therapeutic target for aortitis. 
Methods
Mice. BALB/cNcr-wild-type mice were purchased from Japan SLC, Inc. (Shizuoka, Japan). Il1rn −/− mice and Il25 −/− mice on the BALB/c background were generated as described previously 50, 51 , and they were crossed to generate Il25 −/− Il1rn −/− mice. All mice were housed under specific-pathogen-free conditions in an environmentallycontrolled animal room and fed a normal chow diet at the Institute of Medical Science, The University of Tokyo. The animal protocols for experiments were approved by the Institutional Review Board of the Institute (A16-23 and A16-30), and all experiments were conducted according to the ethical and safety guidelines of the Institute.
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